Following spinal transection of the upper thoracic spinal cord, male Sprague-Dawley rats given legshock whenever a hindlimb is extended learn to maintain the leg in a flexed position. The region of the cord that mediates this instrumental learning was isolated using neuroanatomical tracing, localized infusion of lidocaine, and surgical transections. DiI and Fluoro-Gold microinjection at the site of shock application labeled motor neuron bodies of lamina IX in the lower lumbar region. Local application of the Na ϩϩ channel blocker lidocaine disrupted learning when it was applied over a region extending from the lower lumbar (L3) to upper sacral (S2) cord. The drug had no effect rostral or caudal to this region. Surgical transections as low as L4 had no effect on learning. Learning also survived a dual transection at L4 and S3, but not L4 and S2. The results suggest that the essential neural circuit lies between L4 and S3.
Spinal cord neurons can adapt to new environmental relationships, a kind of plasticity that represents a simple form of learning (Grau & Joynes, 2001; Patterson, 2001; Thompson, 2001 ). This plasticity is evident in both locomotor and traditional learning tasks. For example, spinally transected cats can be trained to step on a treadmill, and the performance of this circuit can adapt to new environmental relations (Edgerton et al., 2001) . Researchers have also shown that spinal cord neurons can support both classical and instrumental conditioning (Buerger & Chopin, 1976; Buerger & Fennessy, 1970; Fitzgerald & Thompson, 1967; Grau, 2001; Grau, Barstow, & Joynes, 1998; Grau & Joynes, 2001; Grau, Salinas, Illich, & Meagher, 1990; Joynes & Grau, 1996; Patterson, Cegavske, & Thompson, 1973) .
Instrumental learning in the spinal cord has been typically studied in spinally transected rats by using a variation of Horridge's (1962) master-yoke paradigm (Buerger & Chopin, 1976; Grau et al., 1998) . Master rats receive response-contingent shock, where shock is applied whenever the leg is extended and turned off when the leg is flexed. Yoked control rats are experimentally coupled to master rats. Each yoked rat receives shock whenever its master partner is shocked. Because yoked rats receive shock independent of leg position (noncontingent shock), the shock is uncontrollable. During training, only the master rats learn to maintain the shocked limb in a flexed position (Grau et al., 1998) . To demonstrate that training has a lasting effect, subjects are later tested under common conditions with response-contingent shock applied to either the same (ipsilateral) or the opposite (contralateral) leg. In both cases, yoked rats failed to learn (Grau et al., 1998; Joynes, Ferguson, Crown, Patton, & Grau, 2003) , a behavioral deficit that resembles the phenomena of learned helplessness (Maier & Seligman, 1976) . Just 6 min of noncontingent shock can block learning for up to 48 hr (Crown, Ferguson, Joynes, & Grau, 2002a) . Master rats, which previously received training with response-contingent shock, learn more rapidly than the untreated controls (Crown, Ferguson, Joynes, & Grau, 2002b; Grau et al., 1998) . Training with response-contingent shock also appears to have a protective effect that generally enables instrumental learning within the spinal cord (Crown et al., 2002a) and protects spinal neurons from the deleterious effects of noncontingent shock exposure (Crown & Grau, 2001; Grau, Washburn, et al., 2004) .
The present study sought to isolate the region of the spinal cord that supports the above instrumental learning. Prior studies have shown that instrumental learning occurs in rats with low (T9) thoracic transection (Crown et al., 2002b) . The learning can be blocked by the N-methyl-D-aspartate antagonist AP5 (D,L-2-2-amino-5-phosphonovalerate) microinjected into the subarachnoid space (Joynes, Janjua, & Grau, 2004) . Cutting the sciatic nerve also prevents learning (Crown et al., 2002a) . Finally, we have shown that instrumental training affects learning when subjects are subsequently tested on the contralateral limb (Crown et al., 2002a) . These data imply that there is functional integration between the learning circuits that control each hind limb and that cells below the ninth thoracic spinal segment (T9) play an essential role.
In the present article, we use a combination of anatomical tracing, pharmacological, and surgical techniques to isolate the spinal cord segments required for instrumental learning. In Experiment 1, the fluorescent tracers DiI and Fluoro-Gold (FG) were used to localize the nerve fibers and spinal cord motor neurons involved in the leg-flexion response. Experiment 2 used the Na ϩϩ channel blocker lidocaine to inactivate distinct regions of the spinal cord. In Experiment 3, progressively lower surgical tran-sections were performed to locate the rostral boundary of the essential circuit. Experiment 4 isolated the neural region sufficient for learning by coupling a rostral transection with more caudal cuts.
General Method

Subjects
The subjects were male Sprague-Dawley rats (Rattus norvegicus) obtained from Harlan (Houston, TX). The rats were approximately 100 days old, weighed 340 -410 g, and were individually housed with food and water continuously available. Rats were maintained on a 12-hr light-dark cycle. All procedures described in these experiments were reviewed and approved by the Texas A&M University Laboratory Animal Care Committee.
Surgery
Preparation. Rats were anesthetized with pentobarbital (50 mg/kg, ip), and their backs were shaved and swabbed with iodine in preparation for surgery. To stabilize and position the rat's body for surgery, the head was held in a stereotaxic instrument with a small gauze "pillow" placed under the rat's chest.
T2 transection and intrathecal cannula implantation. The protuberance of the second thoracic vertebra (T2) was localized by touch and an anterior-posterior incision made on the back over T2. The tissue in front of T2 was cleared away, and the cord was transected by cauterization (which helps reduce bleeding). The exposed cord and cavity were filled with Gelfoam (Harvard Apparatus, South Natick, MA). An 18.5-cm segment of PE-10 intramedic tubing (Becton-Dickinson, VWR International, West Chester, PA) was fitted with a stainless steel guide wire (SWGX-090; Small Parts, Miami, FL) and slid caudally into the subarachnoid space at T2. The cannula was inserted 3.8, 5.0, 6.2, or 7.4 cm. These measurements were selected on the basis of pilot data (see below) indicating that the values bracketed a region between the 11th thoracic (T11) and first coccygeal (Co1), thereby assuring coverage of the lumbar (L1-L6) and sacral (S1-S4) spinal cord segments. We adopted a 1.2-cm spacing between conditions after it was determined that our injection procedure led to diffusion over an area of approximately this distance. After the cannula was inserted, the wire was removed, the tubing was secured with adhesive (Super Glue) to T11, and the wound closed with Michel clips (11 ϫ 2.5 mm; Fine Science Tools, Foster City, CA).
Lower level transections. After the protuberance of T10/T11 was localized by touch, an anterior-posterior incision was made. The tissue was cleared away from the vertebrae to isolate the respective spinal cord tissue, as referenced in Hebel and Stromberg's rat anatomy (1986): T12 for L1-L3, T13 for L3-L5, L1 for L5-S1, L2 for S2-S3, and L3 for S4 -Co1. (Because there is some variability in the relation between thoracic/lumbar vertebrae and spinal cord tissue, the transections varied slightly across subjects along the rostral-caudal axis. The segmental values provided [e.g., L3-L5 for a transection made at the T13 vertebrae] indicate the most rostral-caudal extent of the transection.) A rostral-caudal incision was made to expose the vertebral column, and a dental drill was used to drill a hole for rongeurs to clear away the bone and dorsal process of the vertebrae. The cord was completely transected with a scalpel cut (Feather, No. 11 blade) . The scalpel blade was placed perpendicular to the spinal tissue, a dental pick was used to assist in the cut, the cord was completely transected laterally, and the remaining cavity filled with Gelfoam (Harvard Apparatus). The muscles and skin above the laminectomy were closed with Michel clips.
Postsurgical care. Rats were hydrated with 2.5 ml of 0.9% saline before and after surgery for a total of 5.0 ml of saline. They were placed on a heating pad immediately following surgery and then maintained in a temperature-controlled environment (ϳ25.5°C) for complete recovery.
During recovery, the rat's rear legs were maintained in a normal flexed position by a piece of porous tape (1.3 cm width, Orthaletic) gently wrapped once around the rat's body. Subjects were given about 20 -24 hr to recover from surgery. During recovery, additional saline was given to maintain hydration and bladders were expressed at regular intervals.
Tracer-Drug Administration
Fluorescent tracers. Before injection of the fluorescent tracer (either DiI or FG), rats were anesthetized with pentobarbital (50 mg/kg, ip). Their hind legs were shaved and probed for the region in the tibialis anterior muscle eliciting the most vigorous flexion response as described below (see the Behavioral Procedures section). Rats were injected intramuscularly at the upper electrode placement site on the tibialis anterior muscle.
For the DiI injections, the skin of the tibialis anterior muscle was cut, exposing the muscle underneath. Rats were intramuscularly injected with a syringe tip dipped in DiI powder crystals, and the wound was closed. All FG solution injections were completed with 25-gauge needles on a Hamilton syringe. Rats were pressure-injected intramuscularly with 0.2 l, 0.4 l, or 0.8 l of 2% FG solution in distilled water. One leg received an injection in the upper electrode placement site (3.2 cm from the tarsals), and the opposite leg received an injection in the lower electrode placement site (1.5 cm from the tarsals). Afterward, rats were maintained in a temperature-controlled environment (ϳ25.5°C) while recovering from anesthesia.
Lidocaine. Prior to behavioral training in Experiment 2, 29 l lidocaine (10%) in a 1-ml syringe was intrathecally administered with a 27-gauge needle inserted into the exposed end of the cannula and injected at a rate of 3.0 l/min for 13 min. Subjects were then set up for behavioral testing. Prior to testing, we verified that lidocaine treatment inhibited the tail-flick reflex. During training, 15 l lidocaine was administered through the intrathecal cannula at a rate of 0.5 l/min for 30 min. Lidocaine was administered using an infusion pump from Harvard Apparatus (Model 22).
Behavioral Apparatus
During instrumental testing, rats were loosely restrained in dark enclosed tubes (23.5 cm [length] ϫ 8 cm [internal diameter]), as described in Grau et al. (1998;  Figure 1 ). The tubes were painted black and sealed in the front. Two slots (5.6 cm [length] ϫ 1.8 cm [width] ) were cut 4 cm apart and 1.5 cm from the back of the tube, allowing the hind legs of the rat to hang freely. The midsection of the rat was gently secured with a wire "belt" to minimize the effects of upper body movements on leg position. Leg shock was applied by attaching one lead from a constant-current (60Hz, AC) shock generator (BRS/LVE Model SG-903, Laurel, MD) to a stainless steel wire inserted though the rat's skin over the tibia, 1.5 cm from the tarsals. The other lead was attached to a 2.5-cm stainless steel pin that was inserted 0.4 cm into the tibialis anterior muscle, 1.7 cm above the other electrode.
Limb position was monitored using an insulated contact electrode constructed from a 7-cm stainless steel rod (0.018 in. [0.046 cm] thick) taped to the plantar surface of the rat's foot, just distal to the plantar protuberance. A fine wire attached to the proximal end of the contact electrode was connected to a digital input monitored by a Macintosh computer. The tip of the rod was positioned over a plastic rectangular dish, approximately 7.5 cm below the restraining tube, containing an NaCl solution with a drop of detergent to reduce surface tension. A ground wire was connected to a 1-mm stainless steel rod placed in the solution. When the contact electrode attached to the rat's paw touched the solution, it completed the circuit monitored by a computer. The state of this circuit was sampled at a rate of 30 Hz. Because the contact electrode used to monitor limb position was electrically insulated from the rat, it did not affect the application of shock through the intracutaneous electrodes, which are described below.
Flexion force was measured by attaching a monofilament plastic line (4-lb test Stren; DuPont, Wilmington, DE) to the rat's foot immediately behind the plantar protuberance. The 40-cm length of line was passed through an eyelet attached to the apparatus directly under the paw, 16 cm beneath the base of the tube. The end of the line was attached to a strain gauge that was fastened to a ring stand. After the line was connected to the rat's paw, the ring stand was positioned so that the line was taut, just barely registering on a multimeter. The strain gauge was previously calibrated by determining the relationship between voltage and force in newtons. The data revealed a linear relation allowing for the conversion of voltage to force.
Behavioral Procedures
All behavioral procedures were started approximately 24 hr after surgery. The rear legs were shaved and marked for placement of the shock leads before the rats were placed in the restraining tubes. A stainless steel wire electrode was inserted over the distal portion of the tibia before subjects were placed in the apparatus, and a contact electrode was taped to the paw to monitor leg position. Lateral leg movements were minimized by loosely wrapping a 20-cm piece of porous tape (1.3 cm; Orthaletic) around the leg and then taping it to a bar extending across the apparatus directed under the front panel of the restraining tube. The tape was adjusted so that it was taut enough to extend the knee joint. One lead from the shock generator was attached to the stainless steel wire inserted through the skin over the tibia. The shock generator was set to deliver a 0.1-mA AC shock, and the region over the second mark was probed to find a site that elicited a vigorous flexion response. The pin was inserted 4 mm perpendicular to the leg into the tibialis anterior muscle. The shock intensity was then adjusted to produce a flexion force of 0.4 N with a 0.3-s shock, and the plastic line was removed. Three short 1.5-s pulse shocks were applied, and the level of salt solution was adjusted so that the tip of the rod was submerged 4 mm below the surface.
Behavioral Measures
To assess learning in this paradigm, three behavioral measures were used to monitor performance: time in solution, response number, and response duration (see Grau et al., 1998; Figure 2) . A computer recorded the amount of time the contact electrode touched the underlying solution (time in solution). Response number was increased by 1 whenever the electrode left the solution. The session was divided into 30 one-min time bins to obtain a measure of performance over time.
Instrumental learning in the spinal cord has previously been shown to be distinguishable from a reactive system that is insensitive to the responsereinforcer relation (Grau et al., 1998) . A key difference concerns response duration; only the instrumental account anticipates that contingent shock will produce a progressive increase in response duration; consequently, this measure served as our index of learning. Response duration was derived from time in solution and response number using the following equation: response duration i ϭ (60 s -time in solution i ) Ϭ (response number i ϩ 1), where i was the current training bin. To address the possibility that differences in response duration during testing reflect a loss of responding in the previously shocked rats, we also present response number.
Histology
Histological analyses of tract tracing. Rats were allowed to recover for 10 days to permit the tracer dye to transport to the spinal cord. Then, rats were deeply anesthetized with pentobarbital (100 mg/kg, ip) and were perfused intracardially with phosphate-buffered saline (Dulbecco's PBS, Invitrogen, Carlsbad, CA), which was followed by 4% paraformaldehyde in 0.1 M saline buffer. The spinal vertebral column from T8 to L3 was removed and postfixed in 4% paraformaldehyde for 2 hr. The skeletal muscles and bone were removed to expose the lumbosacral spinal cord tissue, and the isolated spinal tissue was stored in 15% sucrose in PBS solution overnight at 4°C to saturate for cryoprotection. The lumbosacral enlargement was cut into several sections and cryoembedded with M-1 embedding matrix (Lipshaw, Pittsburgh, PA). Cords were sectioned transversely with a cryotome into 25-micron-thick sections, and every third slice was serially thaw-mounted onto superfrost slides (VWR International, West Chester, PA). Sections were visualized with an Olympus BX60 microscope and analyzed with fluorescence microscopy under a rhodamine filter (545 nm/565 nm Abs/Em) for DiI or a wideband ultraviolet filter (323 nm/408 nm Ex/Em) for FG. Thoracic, L1-L6, and sacral sections were identified according to the reference of spinal cord cytoarchitectonic organization developed by Molander, Xu, and Grant (1984) .
T2 transection verification. T2 transections (Experiment 2) were confirmed by (a) inspecting the cord during the operation, (b) observing the behavior of the subjects after they recovered to ensure that they exhibited paralysis of the hind limbs and did not vocalize to the leg shock, and (c) examining the spinal cord postmortem and through histological analyses.
Intrathecal cannula placement and drug diffusion. Subjects used to ascertain the area affected by drug infusion were treated the same as those given lidocaine (Experiment 2), with the exception that india ink was administered in place of lidocaine. Both the amount of ink and rate of application were matched to the lidocaine treatment. Following the behavioral training period, subjects were deeply anesthetized with pentobarbital (100 mg/kg, ip), a thoractomy was performed, and they were perfused with saline and 4% paraformaldehyde. A laminectomy was performed from the T8 bone to the L5 bone, and crystals of DiI were used to mark where the cannula tip ended. The marked cord was removed, postfixed in paraformaldehyde, cryoprotected with a 15% sucrose solution, and cryoembedded according to the histological procedures mentioned previously. One cord was sectioned at 20 microns and the second at 40 microns. Every 11th-12th sections were serially thaw-mounted onto superfrost slides. The sections were analyzed with light and fluorescence microscopy, and were identified according to spinal cord cytoarchitectonic organization (Molander et al., 1984) .
L1-Co1 transection verification. The locus of the surgical cuts in Experiments 3 and 4 were confirmed by sectioning adjacent regions of the spinal cord. After behavioral testing, rats were deeply anesthetized with pentobarbital (100 mg/kg, ip), a thoractomy was performed, and rats were perfused with saline and 4% paraformaldehyde. The transected cords were removed, postfixed in paraformaldehyde, cryoprotected with a 15% sucrose solution, and cryoembedded according to the histological procedures mentioned above. The cords were sectioned at 10 microns with a cryotome, and each section was serially mounted on a slide. The slides were visualized under differential contrast imaging fluorescence microscopy or stained with Harris's hematoxylin and eosin stain (Polyscientific, Bay Shore, NY) and visualized under light microscopy to verify the spinal level location of the surgical cuts. 
Statistics
The results were examined using a mixed analysis of variance (ANOVA). Post hoc comparisons were made using Duncan's new multiple range test. In all cases, a criterion of p Ͻ .05 was used to judge statistical significance.
Experiment 1: Anatomical Tract Tracing
The anatomical tract tracing procedure used DiI and FG with histological analyses in intact rats to identify the fiber pathways that innervated the region of stimulation. The two fluorescent tracers were selected for their differing reuptake mechanisms, convenient application, and low susceptibility to photobleaching and leaking from motor neurons (Kobbert et al., 2000) . DiI, the fastest from the family of lipophilic carbocyanine dyes, utilizes a lateral lipophilic diffusion, marking anterogradely and retrogradely along cell membranes (Vercelli, Repici, Garbossa, & Grimaldi, 2000) . The fluorescent tracer FG was selected for its active, specific retrograde tracing of spinal cord motor neurons in intact animals through injection into the muscle (Kobbert et al., 2000) .
Method
Two subjects were treated with DiI and 2 with FG. FG was injected unilaterally into the tibialis anterior muscle at the site, and depth of the pin was used to apply shock stimuli. DiI was applied bilaterally with one injection at the site of pin placement. On the contralateral side, DiI was applied in the region where the wire electrode was inserted. Rats were allowed to recover for 10 days to permit the tracer dye to retrogradely transport to the spinal cord.
Results
Transverse spinal cord segment diagrams were adapted from Molander et al. (1984) and used to orient and isolate the lumbosacral region (L1-L6 and S1) of the spinal cord. Both DiI and FG tracers labeled spinal cord motor neuron cell bodies distributed in Figure 2 . Impact of local lidocaine infusion on instrumental learning and performance. Subjects received lidocaine at 3.8, 5.0, 6.2, or 7.4 cm below the second thoracic vertebra and were tested with response-contingent shock. Subjects given lidocaine at 3.8 or 7.4 cm exhibited a progressive increase in response duration indicative of learning (A). Lidocaine at 5.0 cm disrupted learning. Subjects that failed to learn exhibited the highest response rates (C). Mean (Ϯ SE) performances are depicted in B and D.
lamina IX of the transverse sections of the L4 section of the spinal cord (see Figure 1) . DiI selectively labeled motor neuron cell bodies localized in the lower L4 region of the lumbar cord. The DiI-marked motoneurons were present along a greater longitudinal distance of the cord's L4 -L5 region than the FG-marked motoneurons. DiI also specifically labeled centrally projecting axons of the dorsal roots through all levels of the lumbar and sacral spinal cord with a concentration of labeled axons in the sacral cord (data not shown).
FG was transported retrogradely to the spinal cord by active transport mechanisms and selectively labeled a smaller population of neurons than that labeled by the passive lipophilic diffusion of DiI. FG exhibited greater specificity in labeling ventral horn motor cell bodies in L4, labeling only a few cell bodies in each section. Spinal cord axons were not labeled by FG, and no reuptake was visualized in the dorsal region. FG-labeled cell bodies were located in the superficial ventral horn, at the edge of the gray matter in lamina IX.
Experiment 2: Intrathecal Lidocaine Administration
The tracing results implicate neurons in the L4 -L5 region of the spinal cord. If neurons in this region play an essential role, then disrupting neural function with the Na ϩϩ blocker lidocaine should prevent instrumental learning. We have previously shown that bathing the lower spinal cord with a high volume of lidocaine eliminates learning (Joynes et al., 2003) . The present experiment used a lower volume of solution and a slow injection procedure to selectively disrupt distinct regions of the spinal cord. Pilot data indicated that a 5.0-cm cannula (inserted at T2) reached the L3-L4 region and that the drug diffused caudally to S1. To bracket this region, independent groups had cannulas placed at 3.8 (T11), 5.0, 6.2, or 7.4 (Co1) cm.
Method
Two subjects were used to estimate the spread of fluid from the cannula tip. These subjects had a cannula inserted 5.0 cm from the site of transection (T2). The next day, subjects were set up and infused using the same procedure employed for lidocaine-treated subjects, with the exception that India ink was substituted for lidocaine. The spinal cord was then sectioned to determine ink dispersion.
Thirty-two subjects were used to examine the effect of localized lidocaine infusion. Subjects were randomly assigned to one of four cannula conditions (3.8, 5.0, 6.2, or 7.4 cm). The next day, lidocaine was slowly infused and instrumental learning/performance was tested. At the end of behavioral testing, subjects were anesthetized and the cannula tip was localized.
Results
Histological analyses of subjects injected with India ink revealed a spread of approximately 0.1-0.2 cm rostral and 0.8 -0.9 cm caudal to the cannula tip. Examination of subjects treated with lidocaine showed that the 3.8-cm cannula length ended at approximately the T10 -T11 region, the 5.0-cm length ended at the L3-L4 region, the 6.2-cm length ended at the S2 region, and the 7.4-cm length ended at the Co1 region.
Subjects given lidocaine at 3.8 or 7.4 cm below T2 exhibited a progressive increase in response duration across the 30 min of testing (Figure 2, top panels) . Rats that received lidocaine at 5 cm failed to learn. An ANOVA revealed a statistically significant main effect of cannula length and time (Fs Ͼ 3.31, p Ͻ .05). Trend analysis of the group means ( Figure 2B ) revealed a significant quadratic component, F(1, 28) ϭ 7.42, p Ͻ .05. The significant inflection arose from the dip in performance observed when lidocaine was applied using a 5.0-cm cannula. Neither the linear nor the cubic trends approached significance (both Fs Ͻ 1.00, p Ͼ .05). A post hoc Duncan's new multiple range test confirmed that the 5.0-cm group differed from the 3.8-and 7.4-cm groups ( p Ͻ .05). No other differences were statistically significant ( p Ͼ .05).
Lidocaine treatment did not interfere with the capacity to exhibit a flexion response (Figure 2, bottom panels) . Furthermore, treatment conditions that fostered learning led to a progressive decrease in responding while subjects that failed to learn (5.0-cm condition) continued to respond at a high rate for the entire 30 min of testing. An ANOVA found a significant effect of time and Time ϫ Cannula Length interaction (both Fs Ͼ 2.07, p Ͻ .0001). The interaction indicates that the change in responding observed over time depends on treatment condition. Although the main effect of cannula length was not significant, F(3, 28) ϭ 2.47, p Ͻ .083, trend analysis revealed a significant quadratic component, F(1, 28) ϭ 5.26, p Ͻ .05. Neither the linear nor the cubic components were significant (both Fs Ͻ 1.68, p Ͼ .05). A Duncan's new multiple range test revealed that the 5.0-cm group differed from the 3.8-and 7.4-cm groups ( p Ͻ .05). No other group differences were statistically significant.
Experiment 3: Single Surgical Transection
Lidocaine treatment interfered with learning when the drug was infused using a 5.0-cm cannula, which delivered the drug over the L4 -S2 region. Experiment 3 sought additional evidence that the essential tissue lies below L4. This was accomplished by performing selective knife cuts at one of four levels: L1-L2, L3, L4 -L5, or L6 -S1. If the essential circuitry lies caudal to L4, subjects transected at L1-L4 should behave identically to subjects transected at T2. Specifically, they should exhibit instrumental learning in the absence of any brain-mediated response to the shock stimuli. A transection in the region of the essential neural circuit would be expected to disrupt learning while more caudal transections should allow brain-mediated circuits to usurp control over the behavioral response. If the most caudal transection preserves communication with the brain, we would expect subjects to exhibit a range of supraspinally mediated responses, including struggling and vocalization.
Method
Sixteen subjects were used, with 4 rats per group. A single cut was performed per rat at the spinal tissue levels of L1-L2, L3, L4 -L5, and L6 -S1. Twenty-four hours later, subjects were tested using the instrumental training procedure. At the end of testing, the spinal cord tissue was collected for histological verification of the transection level.
Results
Behavioral observations confirmed that even the lowest transection (at L6 -S1) did not reestablish sensory-motor communication between the hind limbs and the brain. When subjects were tested with response-contingent shock, subjects transected between L1 and L4 exhibited a systematic increase in response-flexion dura-tion (our measure of learning) over the 30-min test period ( Figure  3, top panels) . Rats transected at L6 -S1 did not exhibit an increase in response duration, indicating that the surgical transections interrupted part of the essential neural circuit. An ANOVA revealed a statistically significant effect of spinal transection level (L1-L2, L3, L4 -L5, and L6 -S1), time, and an interaction between Spinal Level ϫ Time (both Fs Ͼ 1.45, p Ͻ .01). This interaction indicates that the change in performance observed over time depends on transection level. A Duncan's new multiple range post hoc test confirmed that the L6 -S1-transected group differed from the other three ( p Ͻ .05). No other group differences were significant ( p Ͼ .05).
As expected, rats that learned to maintain the shocked leg in a flexed (up) position contacted the underlying solution less frequently and, as a result, exhibited fewer responses (Figure 3 , bottom panels). L6 -S1-transected rats that failed to exhibit an increase in response duration exhibited the highest number of solution contacts. For all conditions, the number of responses exhibited per minute declined over the course of testing. Though the main effect for transection level was not significant, F(3, 12) ϭ 7.11, p Ͼ .05, both the main effect of time and its interaction with spinal level were statistically significant (both Fs Ͼ 1.52, p Ͻ .005). The interaction shows that the change in response number observed over time depends on transection level.
Experiment 4: Surgical Transection
The single-transection study implies that neurons at, or below, the L4 -L5 region are essential. This establishes the upper boundary of the neural circuit. To determine the lower boundary, independent groups received dual transections: one at L4 and the other at S2, S3, or Co1.
Method
Eighteen subjects were used for the dual-transection experiment, with 6 rats per dual-cut condition. Two cuts were performed per rat. The upper Figure 3 . Impact of a single transection on instrumental learning and performance. Subjects received a transection at L1-L2, L3, L4 -L5, or L6 -S1 and were tested with response-contingent shock. Subjects transected above L4 exhibited an increase in flexion duration across the 30 min of testing (A). Rats transected at L6 -S1 failed to learn and exhibited the highest level of responding (C). Mean (Ϯ SE) performances are depicted in B and D. L1-L6 ϭ first six lumbar segments of the spinal cord; S1 ϭ first sacral segment of the spinal cord.
spinal cut was made at L4 for all subjects while the lower cut was made at S2, S3, or Co1. The next day, subjects were tested and spinal cord tissue was collected as described in Experiment 3.
Results
When tested with response-contingent shock, L4-transected rats that received a second cut at S3 or Co1 exhibited an increase in response duration over the 30-min test period (Figure 4 , top panels). Rats transected at L4 and S2 did not. An ANOVA revealed a significant effect of spinal transection level (S2, S3, and Co1), time, and a Time ϫ Spinal Level interaction (all Fs Ͼ 1.61, p Ͻ .005). A post hoc Duncan's new multiple range test confirmed that the S2 transection group differed significantly from S3 and Co1 in flexion duration ( p Ͻ .05). The S3-transected group also differed from S2 and Co1 groups ( p Ͻ .05).
Again, subjects that exhibited the strongest learning, as defined by an increase in flexion-response duration, also contacted the solution less frequently (Figure 4 , bottom panels). An ANOVA of response number for the dual transections yielded a significant effect of time and an interaction between time and spinal level (all Fs Ͼ 1.51, p Ͻ .0001). The main effect for spinal transection level was not significant ( p Ͼ .05).
Discussion
Spinalized rats exposed to response-contingent shock learn to maintain their leg in a flexed position, minimizing net shock exposure (Grau et al., 1998) . This instrumental learning depends on intrinsic spinal cord neurons (Crown et al., 2002a; Joynes et al., 2003) , and our results suggest that the essential spinal machinery lies within the L4 -S2 region of the lumbosacral enlargement. Fluorescent tracing localized the spinal cord neurons involved in the leg-flexion response to the L4 -L5 region. DiI and FG labeling utilize different mechanisms for neural marking, active transport, and passive diffusion, and we expected convergent anatomical labeling data. Both DiI and FG effectively localized the spinal Figure 4 . Effect of a dual transection on instrumental learning and performance. Subjects received a transection at L4 and Co1, S3, or S2. Rats transected at L4 -S3 exhibited an increase in response duration over the course of testing, whereas rats transected at L4 -S2 did not (A). Superior learning was accompanied by a low response rate (C). Mean (Ϯ SE) performances are depicted in B and D. L4 ϭ fourth lumbar segment of the spinal cord; Co1 ϭ first coccygeal segment; S2-S3 ϭ second and third sacral segments of the spinal cord. motor neurons innervating the tibialis muscle. Labeled neurons were observed in lamina IX, consistent with the location of large motor cells in the ventral horn (Molander et al., 1984; Nicolopoulos-Stournaras & Iles, 1983; Willis & Coggeshall, 1978) . Hind limb muscles are innervated by motoneurons primarily located in the L2-L5 lumbar segments. Motor neuron columns located in the lower L3, L4, and L5 include the tibialis anterior, peroneal, anterolateral crus and posterior crus, hamstring, and foot muscle motor columns (Nicolopoulos-Stournaras & Iles, 1983) . The peroneal and tibialis anterior columns marked by Nicolopoulos-Stournaras and Iles (1983) were in the L3 and L4 region while the same muscle groups in our study marked more in the L4 than in the L3 region. Our fluorescent labeling findings paralleled the horseradish peroxidase labeling of spinal ganglia and ipsilateral ventral horn motoneurons in L4 and L5 from the anterior tibial muscle in the adult Sprague-Dawley rat by Ha, Kao, and Tan (1980) .
Because the lipophilic carbocyanine tracer DiI diffuses passively along lipid membranes in both anterograde and retrograde directions (Kobbert et al., 2000) , it labeled both sensory and motor pathways. DiI diffusely marked spinal ganglia and dorsal root axons through the lower lumbar and sacral cord. Nerve roots were clearly labeled as were some axons in the substantia gelatinosa of incoming dorsal horn axons. The diffuse labeling of dorsal root axons in the lower lumbar cord corresponds with the diffuse innervation of the sciatic nerve between L4 and L6. The pattern of DiI tracing was also consistent with previous horseradish peroxidase identification of sensory neurons in the spinal ganglia of the rat (Ha et al., 1980) . DiI also labeled motor cell bodies along the length of the L4 and L4 -L5 spinal tissue. As expected, because of its more specific active reuptake mechanism than the passive diffusion of DiI, FG retrogradely labeled only a few ventral horn motor cell bodies in a smaller length of cord.
Experiments 2-4 provided converging evidence that the essential neural circuit lies within the lower lumbar region. Local infusion of lidocaine 5.0 cm below T2 disrupted instrumental behavior. Because the drug tended to diffuse caudal to the cannula tip, lidocaine injected at this level affected primarily the L3-S2 region of the spinal cord. Lidocaine injected rostral or caudal to this region had little effect. Experiment 3 showed that rats transected above L4 acquired the instrumental response and that a transection at L6 -S1 disrupted learning. The latter result, in conjunction with the lidocaine data, suggests that neurons within the L4 -S2 region are necessary for learning. Experiment 4 used a dual-transection procedure to determine whether neurons in this region were sufficient to support learning. Rats transected at L4 and S3 acquired the instrumental response while rats transected at L4 and S2 did not. It appears that the upper boundary of the essential neural circuit lies at L4 and that the lower boundary is just caudal to S2.
Our use of converging operations helps to discount alternative interpretations of our data. Surgical cuts allow a precision that is difficult to achieve through pharmacological manipulations. However, surgery inevitably leads to secondary damage. Particularly worrisome is the damage to the dorsal roots between T13 and L2 (potentially damaged when the underlying L3-S2 segments are cut). Given this finding alone, one could argue that the surgical data implicate the T13-L2 region. Our lidocaine results address this alternative by demonstrating that the drug is effective when applied over the L3-S1 region (5.0-cm condition) and has no effect when applied over T10 -L2 (3.8-cm condition).
An earlier study cited by Buerger and Chopin (1976) found that the tissue close to L3 vertebral segment, between L3 and L5, was necessary for acquisition of the instrumental response. In terms of the absolute extent of the neural tissue involved, this earlier report agrees with the present findings. It is difficult, however, to make direct comparisons of the neural regions implicated. The problem is that Buerger and Chopin reported only the locus of the transection relative to the vertebral bones. There was no indication that they examined the level of the transection at the neural level. This is potentially a problem because the alignment between vertebral segments and underlying tissue changes with development. As an organism develops, the tissue grows less rapidly than the overlying bone segments, and, as a result, lower tissue segments move rostral to the corresponding bone segment. In a rat, a transection at L3 could affect neural tissue anywhere between L3 and S1, depending on the age of the rat. Using anatomical procedures, we were able to specify the neural segments involved.
A central pattern generator is thought to mediate locomotor patterns in the spinal cord (Cazalets & Bertrand, 2000; Grillner, 1975 Grillner, , 1985 . These pattern generators are distributed along L2-L5 (Langlet & Rossignol, 2002; Marcoux & Rossignol, 2000; Nishimaru & Kudo, 2000) and overlap with the area we identified as essential for instrumental learning. As noted earlier, central pattern, generator-mediated locomotion is sensitive to instrumental relations. Spinally transected animals that have been step-trained on a treadmill can learn to exhibit a stronger flexion response to reduce contact with an obstacle (Edgerton, Roy, deLeon, Tillakaratne, & Hodgson, 1997) . This selective modification resembles the instrumental learning studied in the present article. In both cases, a response-contingent event (shock or hitting an obstacle) produces an enhancement in flexion. Both effects could depend on common physiological mechanisms.
Studies that attempt to link a learning phenomenon to a particular brain region typically rely on converging operations (Dudai, 1989) . Correlational findings, based on anatomical tracing and electrophysiological recordings, help isolate candidate structures. Anatomical observations are generally followed by selective lesions designed to show that the system is necessary for learning. A substitution manipulation may be performed to demonstrate that the region identified is sufficient for learning. Even when all of these conditions are met, controversy can remain as to whether the structure identified represents the locus of memory or modulates information storage in a remote region of the brain (e.g., Fanselow & LeDoux, 1999; McGaugh, McIntyre, & Power, 2002) . In the spinal cord preparation, the difficulties associated with the possibility of remote storage are lessened because relatively little neural tissue is involved. The results from our experiments would appear to limit the circuit to the peripheral nerves, sensory/motor ganglia, and tissue within the L4 -S2 segments. Our results indicate that the integrity of the L4 -S2 region is essential for instrumental learning. However, from this, we cannot conclude that neurons within this region abstract and store the instrumental relation. Key features of the learning may depend on peripheral components. For example, sensitization of afferent neurons or the motor output could contribute to selective response modifications. In addition, recent work suggests that non-neuronal cell populations (astrocytes and microglia) regulate spinal cord plasticity and contribute to longterm changes within the nociceptive system (Watkins & Maier, 2002) . Moreover, studies of plasticity within the hippocampus suggest that glia-released cytokines contribute to the maintenance of heightened neural excitation (Beattie et al., 2002) . Further work is needed to identify the cellular systems involved.
